Levelt's Propositions have been a touchstone for experimental and modeling studies of perceptual multistability. We asked whether Levelt's Propositions extend to perceptual multistability involving interocular grouping. To address this question we used split-grating stimuli with complementary halves of the same color. As in previous studies, subjects reported four percepts in alternation: the two stimuli presented to each eye (single-eye percepts), as well as two interocularly grouped, single color percepts (grouped percepts). Most subjects responded to increased color saturation by more frequently reporting a single color image, thus increasing the predominance of grouped percepts (Levelt's Proposition I). In these subjects increased predominance was due to a decrease in the average dominance duration of single-eye percepts, while that of grouped percepts remained largely unaffected. This is in accordance with generalized Levelt's Proposition II which posits that the average dominance duration of the stronger (in this case single-eye) percept is primarily affected by changes in stimulus strength. In accordance with Proposition III, the alternation rate increased as the difference in the strength of the percepts decreased. To explain the mechanism behind these observations, we introduce a hierarchical model consisting of low-level neural populations, each responding to input at a visual hemifield, and higher-level populations representing the percepts. The model exhibits the changes in dominance duration observed in the data, and conforms to all of Levelt's Propositions.
Introduction 16
The brain is remarkably adept at interpreting noisy and ambiguous visual inputs (Kersten 17 et al., 2004; Fiser et al., 2010) . However, sometimes competing interpretations of a stimulus 18 are not disambiguated, and different interpretations are perceived in alternation. For exam-19 ple, binocular rivalry occurs when the two eyes are presented with disparate images. Instead 20 of perceiving a fusion of the two images, one experiences intermittent switching between two 21 1 Jacot-Guillarmod and Wang are co-first authors, and Josić (josic@math.uh.edu) and Kilpatrick (zpkil-pat@colorado.edu) are co-corresponding authors. Increasing the difference in percept strengths between grouped percepts and single-eye percepts reduces the perceptual alternation rate. (IV) Increasing percept strength in both grouped percepts and single-eye percepts while keeping it equal among percepts increases presented to the left eye determined the combination vertical red/horizontal green presented to the right eye, as well as the two grouped percepts -vertical red and horizontal green (See Fig. 1B ). In total, there were four possible stimulus arrangements, all completely determined 135 by any half of a stimulus presented to one eye. The two squares were displayed on a grey 136 background (0.0, 0.0, 0.2): (u, v) = (0.188, 0.442) and L = 23.88cd/m 2 and were contained 137 within a square frame with a protruding horizontal and vertical line to help image alignment. 138 Experimental procedure. Each session was divided into six 3-minute trials separated by a 90-139 second resting period. To account for the time it took subjects to adjust to the stimuli and 140 form stable percepts, the first 30 seconds of each trial were not analyzed. The association 141 between color and orientation was maintained within a single session, but was randomized 142 across sessions. For example, we used a vertical red/horizontal green left eye stimulus across 143 some sessions (Fig. 1A) . In contrast, saturation and the position of the horizontal grating 144 was randomized across the six trials. Within one session, each saturation level appeared in 145 three trials and each grating positioning occurred in three trials.
146
Four subjects finished 6 total sessions (AJ, MA, ZK, ND), three subjects finished 5 ses- instructed to press button 1 when perceiving a split grating with left part red; button 2 when 155 perceiving split grating with left part green; button 3 when perceiving an all red grating; and 156 button 4 when perceiving an all green grating. When the perceived image did not correspond Importantly, in our analysis we use a hierarchical model to analyze concurrently the data from all subjects in the experiment (Gelman and Hill, 2006) . Such models address the issue of multiple comparisons and provide efficient estimates (Gelman et al., 2012) .
puted the predominance of grouped percepts. Predominance is the fraction of time that 180 subjects reported a grouped percept, T grouped , by pressing the corresponding gamepad but-181 ton, out of the total time they reported any percept (percepts 1, 2, 3 or 4), i.e.
.
Here i is the number of the trial, with 18 trials at each color saturation level (0.4 and 0.9). This is equivalent to the fraction of time that buttons 3 or 4 were pressed out of the total time any button was pressed during trial i. In our analysis, we partitioned trials based on the color saturation level used for each trial, grouping across all other conditions. We analyzed changes in predominance using a linear Student-t regression model to account for skewness in the data. We included the condition (low/high color saturation) as a covariate and set the degrees of freedom of the t distribution to 4 to provide robust inference while avoiding computational difficulties often encountered when using a prior for the degrees of freedom (Fonseca et al., 2008) . Letting r ij be the predominance for subject j in trial i, the model is specified as:
where x ij is the color saturation indicator (1 for 0.9, 0 for 0.4). The random regression 183 coefficients β 0j and β 1j allow the effects of color saturation to vary across subjects. This hi-184 erarchical model assumes that the effects from different subjects are similar but not identical 185 and come from the same population with overall means of β 0 and β 1 . Prior distributions 186 for the overall saturation effects β 0 and β 1 were independent and normal with mean 0, and 187 variance 10 4 . We used Uniform(0, 100) priors for the standard deviation of the random 188 effects, τ 0 and τ 1 and Uniform(0, 1000) for σ. We estimated the mean difference in the 189 fraction of time between the two saturation levels and its 95% credible interval (CI) and the 190 probability that the difference is greater than 0. We performed an equivalent analysis to 191 examine whether the mean dominance time of the single eye or grouped percepts changed 192 across conditions.
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From the i th trial in each condition, we also computed ratios of the number of visits to grouped percepts, N grouped , over the number of all visits to either single-eye or grouped percepts,
We used the model specified in Eq.
(1) to analyze n(i) and determine the change in the 194 fraction of visits to the grouped or single-eye percepts across conditions. Transition probabilities. To estimate the transition probabilities between percept types, we classified percepts into two states: single-eye, S, corresponding to percepts 1 and 2, and grouped, G, corresponding to percepts 3 and 4. For each trial, we converted the data into two binary sequences: One sequence contained all transitions from state S with transitions from S to S denoted by 1, and from S to G by 0. The second sequence contained transitions from G, those from G to G denoted by 1, and from G to S by 0. We used all data obtained by each subject in a given condition (low/high color saturation) to estimate the transition probability from S to S, and from G to G. The model is specified as
where x ij is the color saturation indicator (1 for 0.9, 0 for 0.4). We used vague priors: a 196 uniform prior on the interval [0, 1] for the mode, ω, and a Gamma prior with rate and shape 197 both equal to 0.01 for the concentration parameter, κ. Prior distributions for the overall 198 saturation effects θ 1 was independent of these, and normal with mean 0, and variance 10 4 .
199
We used Uniform(0, 100) prior for the standard deviation of the random effect τ 1 .
200
Model implementation. All Bayesian models were implemented via Markov Chain Monte
201
Carlo methods in JAGS. We used 3 MCMC chains with at least 20,000 iterations after an 202 initial burn-in of 4000 iterations. We assessed convergence by calculating the Gelman-Rubin 203 diagnostic,R for all parameters. can be associated with a distinct percept. We assumed excitatory coupling between pop-216 ulations receiving input from different hemifields both from the same and from different 217 eyes. We also assumed inhibitory coupling between populations receiving input from the 218 same hemifield of different eyes, e.g. the left hemifield of the left and the left hemifield of 219 the right eye. This is consistent with electrophysiology and tracing experiments that reveal 220 long-range horizontal connections between cells with non-overlapping receptive fields, and 221 similar orientation preferences (Stettler et al., 2002; Sincich and Horton, 2005) . Moreover, 222 cells with orthogonal orientation preferences can inhibit one another through recurrent and 223 feedback circuitry (Ringach et al., 1997; Ferster and Miller, 2000) . Finally, we assumed that 224 all populations at the second level inhibit each other. This is consistent with previous com- 2006)). Recurrent excitation within Level 1 is shown, whereas mutual inhibition between the same hemifield of opposite eyes is not shown. All populations in Level 2 mutually inhibit one another (Laing and Chow, 2002; Wilson, 2003; Moreno-Bote et al., 2007) .
The two levels thus form a processing hierarchy (Wilson, 2003; Tong et al., 2006) with 
234
Equations describing Level 1. The activity of each neural population receiving input from one of the four hemifield-eye combinations at Level 1 is described by a firing rate variable E i , i = 1, 2, 3, 4 (corresponding to left hemi/left eye; right hemi/left eye; left hemi/right eye; and right hemi/right eye, see Fig. 2 ). These rates are governed by the following equations: G(x) = 0.8 1 + e −10(x−0.2) . This choice was not essential, as we could have used other gain nonlinearities, such as a 243 Heaviside step or a rectified square root, as long as each individual population, E i , possesses 244 both a low and high firing rate state (Laing and Chow, 2002; Moreno-Bote et al., 2007) .
245
The rate adaptation variables, H i , describe the population-wide effects of hyperpolarizing 246 currents, activated due to increases in firing rates (Benda and Herz, 2003) , 
where τ s = 200ms, σ = 0.03, and ξ(t) is a white-noise process with zero mean. Changing 250 the timescale and amplitude of noise does not impact the results significantly.
251
Equations describing Level 2. The activity of the neural populations associated with percept i at Level 2 is described by the mean firing rate P i for i = 1, 2, 3, 4. The P i are governed by
We model the feedforward inputs to each second level population as the product of the 252 activities, E j E k , of the associated populations at the first level. For instance, activity P 1 253 depends on the product E 1 E 2 since percept 1 is composed of the stimuli in the hemifields 254 providing input to populations 1 and 2 at the first level. Previous experimental and mod-255 eling studies have pointed to such multiplicative combinations of visual field segments as a 256 potential mechanism for shape selectivity (Salinas and Abbott, 1996; Brincat and Connor, 257 2006) . Again, we model rate adaptation using a separate variable, A i , described by
where we set τ a ≡ τ h . When we replaced the multiplicative input to the second level 
Results
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Nine observers were presented with two split-grating images simultaneously to each eye subjects, the mean of single-eye percept times decreased with an increase in color saturation 278 ( Fig. 3) . A more thorough analysis was therefore needed to determine the effect of color 279 saturation on percept predominance.
280
Predominance of grouped percepts. We first examined whether an increase in color saturation 281 affected the fraction of time grouped percepts were reported. Our hypothesis was that 282 predominance of grouped percepts increases with color saturation, as a result of a stronger 283 visual cue to bind the two complementary halves of the stimuli presented to each eye into 284 a coherent percept (Wagemans et al., 2012) . The data supports this effect in five out of 285 nine subjects (Fig. 4) Figure 4 : (Plot) Grouped percept predominance: each colored bar indicates the mean predominance at a given color saturation level in a given subject and black error bars denote the 95% credible intervals. (Table) Differences between ratios at the two color saturation levels: diff. = difference of predominance means at saturation 0.9 and 0.4; 95% CI stands for 95% credible interval; 'prob.' is the probability that the predominance of grouped percepts is higher at saturation level 0.9 (See Methods). We use the same ordering of subjects in all subsequent tables and figures, so that the five subjects sensitive to changes in color saturation are listed first.
times increased between the conditions, given the reported percept durations (See Table in 288 Fig. 4 ). There was no evidence that changes in color saturation impacted predominance in 289 the remaining subjects. We next examined how this change in predominance was related 290 to both changes in average dominance time and the frequency of visits to single-eye versus 291 grouped percepts. In the case of only two percepts, the number of visits to each percept will differ by at 294 most one per trial (van Ee, 2009), and dominance duration is closely related to predomi-295 nance. With more than two percepts, they do not simply alternate. The order in which 296 multiple percepts appear affects predominance (Naber et al., 2010; Huguet et al., 2014) .
297
Thus, to understand changes in predominance we must examine how color saturation influ-298 ences dominance duration, as well as the number of visits to each percept.
299
Single-eye percept durations decrease with color saturation. We compared the average dom-300 inance durations of single-eye and grouped percepts for the two different color saturation 301 conditions in Fig. 5 . In six out of nine subjects, there was a higher than 0.95 probability that 302 dominance duration of single-eye percepts decreased as color saturation increased (subjects 303 ZK, AJ, ML, AB, MA, ZM, See Fig. 5A ). These included the five subjects for which the 304 predominance of grouped percepts increased. There was no strong evidence that increased 305 color saturation increased the dominance duration of grouped percept in any subjects. The Single-eye percept dominance durations decrease as color saturation is increased for the subjects who also experience increased grouped percept predominance. Here 'D-prob.' (on left) is the probability that the dominance duration of single-eye percepts decreases and 'prob.' (on right) is the probability that the dominance duration of grouped percepts increases.
increasing color saturation, we decreased the difference in stimulus strength between single-313 eye and grouped percepts: In the low color saturation case, the single-eye percepts were 314 stronger, as their predominance was higher than that of grouped percepts (Fig. 4 , for seven 315 of the nine subjects the predominance of grouped percepts was below 0.5 with a probability 316 of 0.94 or higher. See Supplementary Material) . At higher color saturation the grouped 317 percepts had a mean predominance of near 0.5 or below for eight subjects. We also note 318 that grouping during binocular rivalry is dictated by the eye-of-origin (Stuit et al., 2014) , 319 so it is reasonable to assume that single-eye percepts remain stronger even at higher color 320 saturation. Thus, for most subjects who were sensitive to a change in percept strength 321 the stronger percepts' (single-eye) mean dominance duration decreased, while the weaker 322 percepts' (grouped) durations remained roughly the same. We explore further comparisons 323 with Propositions II-IV in the Discussion.
324
Grouped percept visit frequency increases with color saturation. With multiple percepts, each 325 can occur with a frequency between 0% to 50%, excluding self-transitions. This frequency 326 impacts predominance (Naber et al., 2010; Huguet et al., 2014) . We therefore examined 327 how the frequency of visits to single-eye and grouped percepts depended on color saturation. Figure 6 : Frequency of visits to grouped percepts out of all visits. The mean increases for eight out of nine subjects when color saturation is increased from 0.4 to 0.9. The five subjects who experienced an increase in grouped percept predominance, also showed an increase in the frequency grouped percept visits. Values in the table are computed in the same way as in Fig. 4 . The probability of a single-to-single transition tends to decrease with color saturation whereas the grouped-to-grouped transition probability tends to increase in the cohort of subjects whose grouped predominance increased. The table gives the posterior probability of a decreases in single-to-single transition, and an increase in grouped-to-grouped transitions given the data. representing grouped images will be active.
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As can be seen in a typical numerical simulation (See Fig. 8A) Single-eye percept dominance times decrease with color saturation. Our computational net-389 work model recapitulates the three main observations of our psychophysical experiments.
390
First, as β, the parameter representing color saturation dependent coupling, is increased 391 the predominance of grouped percepts increased (Fig. 9A ). This is consistent with the gen- Levelt's Proposition II: Increasing the difference between the percept strength of grouped 400 percepts and that of single-eye percepts will increase the average perceptual dominance dura-401 tion of the stronger percepts. Proposition II also holds for intermediate (α = 0.3 Fig. 10(A) ) 402 and small (α = 0.1 Fig. 10(B) ) α-values, which we were not able to test experimentally.
403
Thus, as in our experiments, the two main factors contributing to an increase in the 404 predominance of grouped percepts were a reduction in single-eye percept durations, and 405 an increase in the number of visits to grouped percepts. Therefore the network mechanisms
